Correction. In the article "Molybdate reduction by Escherichia coli K-12 and its chl mutants" by Allan M. Campbell, Alice del Campillo-Campbell, and Douglas B. Villaret, which appeared in number 1 However, the experiments have been repeated using HCD medium and similar results were obtained with regard to both cell morphology and generation of albumin-producing transformants. Data obtained using hepatocytes maintained in HCD medium are reported in Table 2 . 
A-G-T*-C-A-G-G-C-A-C-C-G-T-3', which is complementary
to a 19-nucleotide sequence in the plasmid pBR322. In the presence of Fe(II), 02, and dithiothreitol, DNA-EDTA 1 affords specific cleavage (250C, pH 7.4, 60 min) at its complementary sequence in a heat-denatured 167-base-pair restriction fragment. Cleavage occurs over a range of 16 nucleotides at the site of hybridization of 1, presumably due to a diffusible reactive species. No other cleavage sites are observed in the 167-base-pair restriction fragment. The procedure used to synthesize DNA-EDTA probes is based on the incorporation of a thymidine modified at C-5 with the triethyl ester of EDTA. By using routine phosphoramidite procedures, thymidine-EDTA can be incorporated into oligodeoxynucleotides of any desired length and sequence. Because the efficiency of the DNA cleavage reaction is dependent on the addition of both Fe(II) and reducing agent (dithiothreitol), the initiation of the cleavage reaction can be controlled. These DNA-EDTA-Fe(II) probes should be useful for the sequence-specific cleavage of single-stranded DNA (and most likely RNA) under mild conditions.
The sequence-specific cleavage of DNA has found many applications, such as DNA sequence determinations, chromosome analyses, gene isolation, and recombinant DNA manipulations, but it is limited by the specificities and natural availability of restriction endonucleases (1) (2) (3) . It has been shown previously that attachment of EDTA-Fe(II) to a DNA-binding molecule creates an efficient DNA-cleaving molecule (4) (5) (6) (7) (8) (9) . For example, the oligopeptide-EDTA-Fe(II) molecules distamycin-EDTA-Fe(II) and penta-N-methylpyrrolecarboxamide-EDTA-Fe(II) cleave double-stranded DNA (25°C, pH 7.4) adjacent to specific A+T-rich regions 5 and 7 base pairs (bp) in length, respectively (6) (7) (8) . For the cleavage of single-stranded nucleic acid, specificity and flexibility with regard to target sequence could be provided by oligonucleotides equipped with nucleic acid-cleaving functionality (10) (11) (12) . An oligonucleotide tethered to EDTA-Fe(II) should specifically cleave its complementary DNA sequence at 25°C and pH 7.4 within minutes (Fig. 1) . Because the efficiency of the EDTA-Fe(II)-mediated DNA cleavage reactions is enhanced by the addition of reducing agents such as dithiothreitol, the timing of the cleavage event can be controlled (4-9). We report the synthesis of a DNA hybridization probe 19 nucleotides in length, containing an EDTA-functionalized derivative of thymidine, labeled T* (Fig. 2) . DNA-EDTA 1 has the sequence 5'- 
with an EDTA-modified thymidine at position 10; T*, thymidine modified at C-5 with EDTA; FAB, fast atom bombardment.
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The publication costs of this article wer%-defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Nucleoside 3. A solution of 2'-deoxyuridine (2) (2.28 g, 10.0 mmol) and Hg(OAc)2 (3.38 g, 10.6 mmol) in H2O (13 ml) was stirred at 50'C for 16 hr, after which NaCl (1.5 g, 25 mmol) in H2O (10 ml) was added with stirring (16 
. The synthesis of the fully protected 19-mer 1 was accomplished by the phosphoramidite method, using published procedures, beginning with 5'-DMT-T (4 gmol) bound to a silica support (14, (17) (18) (19) . Nucleoside 7 was coupled in the tenth addition cycle as follows: Nucleoside 7 (80 mg, 79 gmol) was dissolved in CHCl3 (100 ,ul) and diisopropylethylamine (100 pul), and allowed to react with chloro-N,N-dimethylaminomethoxyphosphine (20 24 hr, then was activated with 0.5 M tetrazole in CH3CN (0.6 ml) and coupled (15 min) to the protected, silica-bound, 5'-detritylated 10-mer C-A-G-G-C-A-C-C-G-T. The subsequent DMT cleavage (5% dichloroacetic acid in toluene) was monitored spectrophotometrically; this procedure indicated a coupling yield of 97% for T*. The remainder of the oligonucleotide synthesis cycles were as previously described (17) (18) (19) . The penultimate DMT cleavage suggested an overall yield for 19-mer 1 of approximately 50%.
Approximately V1o of the fully protected, silica-bound 19-mer 1 was shaken with 5.0 ml of PhSH/Et3N/dioxane (1:2:2, vol/vol) for 1 hr, rinsed (MeOH), then shaken with 1.5 ml of 0.1 M NaOH for 6 hr. The silica was removed, and it showed no color upon treatment with acid, indicating complete detachment of the 19-mer. The supernatant was heated to 500C for 13 hr, concentrated, treated with glacial HOAc (1.0 ml) for 1.5 hr, reconcentrated, applied to a column of Sephadex G-10-120 (Sigma), and eluted with H20. The crude DNA-EDTA probe 1 was lyophilized and purified by electrophoresis (450 V, 22 hr) on a 2-mm-thick 20% polyacrylamide gel (20) . The major UV-absorbing band was cut out and eluted with H20 at 60'C for 24 hr, then passed through Sephadex G-10, affording 27 nmol (5. Cleavage Conditions and Analysis. Reaction mixtures (8pul) containing DNA-EDTA probe 1 (0.6 MkM), 32P-end-labeled 167-bp template (2500 cpm, -1 nM), 50 mM Tris HCl at pH 7.4, and 50 mM NaCl were prepared in 1.5-ml Eppendorf tubes. The reaction mixtures were heated to 95°C for 3-4 min and then rapidly chilled in ice water (21) . The cleavage reactions were initiated by adding aqueous solutions of Fe(II) (1 Al) and dithiothreitol (1 pl), such that the final concentrations were 0.5 ,uM 1, 10 AM Fe(II), and 4 mM dithiothreitol. The cleavage reactions were allowed to proceed at 250C and pH 7.4 for 1 hr, then were terminated by freezing (-780C) and lyophilization. These samples were suspended in 4 gl of formamide loading buffer, heat-denatured, and loaded on 0.4-mm-thick, 40-cm-long, 8% polyacrylamide (1:20 crosslinked)/50% urea high-resolution sequencing gels. Electrophoresis was conducted at 1200 V for 4.5 hr. Autoradiography of the gels was carried out at -500C on Kodak XOmat AR film. Copies (20 cm x 25 cm) of the original autoradiograms were scanned at 485 nm. The relative peak height for each local maximum was equated with the relative cleavage efficiency.
RESULTS
Synthesis of Thymidine-EDTA-Triethylester 7. The synthesis of 5'-DMT-T*-triethylester (7) is shown in Fig. 2 . 2'-Deoxyuridine (2) was converted via its 5-chloromercuri derivative to 3, using a palladium(II)-mediated coupling reaction with methyl acrylate (16, 22) . Hydrogenation of 3 (50 pounds/inch2 H2, 10% Pd/C) selectively reduced the exocyclic double bond, affording 4. The 5'-hydroxyl group of 4 was protected with DMT chloride to give 5 (23) . Reaction of 5 with excess ethylenediamine afforded 6, which was coupled directly with the N-hydroxysuccinimide ester of EDTAtriethylester, yielding the protected base 5'-DMT-T*-triethylester, 7.
Synthesis of Oligodeoxynucleotide-EDTA 1. DNA-EDTA 1 was synthesized by the manual solid-phase phosphoramidite method (14, (17) (18) (19) . Nucleoside 7 was converted to its 3'-phosphoramidite derivative and used directly in 15-fold excess according to the standard protocols (14, (17) (18) (19) . DMT cation measurements indicated phosphoramidite coupling efficiencies of 96-99% (97% for T*), although losses were incurred during purification. In the deprotection step, NaOH was substituted for NH40H to circumvent possible ammonolysis of the EDTA ethyl esters. Thus, 0.1 M NaOH was employed to cleave the 19-mer from the silica support, hydrolyze the three esters of the tethered EDTA, and deprotect the bases. Final purification of the 19-mer 1 was effected by gel electrophoresis on a 20% polyacrylamide gel. The sequence of DNA-EDTA 1 was verified by chemical sequencing methods (20) . The DNA cleavage products containing the T* with the attached EDTA moiety displayed a reduced electrophoretic mobility on a 20% polyacrylamide sequencing gel (data not shown).
Cleavage of DNA. The sequence-specific cleavage of DNA by oligodeoxynucleotide-EDTA-Fe(II) was examined on a 167-bp 3'-end 32P-labeled EcoRI/Rsa I restriction fragment of plasmid pBR322, containing the 19-base complement to DNA-EDTA 1. The DNA-EDTA probe 1 (0.5 ,uM) and 3'-end-labeled 167-bp template (=1 nM) were combined in 50 mM Tris HCl, pH 7.4/50 mM NaCl, heated to 95°C for 3-4 min to denature the template, then chilled in ice water to effect hybridization of the probe to the template (21). The cleavage reaction was initiated by addition of Fe(II) (10 ,uM) followed by dithiothreitol (4 mM), allowed to proceed at 25°C for 1 hr, then stopped by freezing and lyophilization. The reaction products were analyzed by Maxam-Gilbert sequencing gel methods (Fig. 3) . Two sites of comparable cleavage, nearly symmetrically distributed about the position of T*, were observed on the labeled template strand (Fig. 3, lane 4) . A histogram of the DNA-cleavage pattern obtained from densitometry of the autoradiogram is presented in Fig. 4 . Each cleavage site covered seven or eight nucleotides, with maximum cleavage four nucleotides to the 5' side and three nucleotides to the 3' side of T*. 
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shows the location of A on the template strand opposite T* on the DNA-EDTA probe 1.
ence of 10 ,M Fe(II) and 4 mM dithiothreitol when the DNA-EDTA probe 1 was omitted (Fig. 3, lane 3) . DNA-EDTA probe 1 in the presence of Fe(HI) (10 ,uM) but absence of added dithiothreitol does not cleave the denatured DNA restriction fragment. DNA-EDTA 1 in the presence of dithiothreitol (4 mM) but absence of Fe(II) does not cleave the DNA. We conclude from this that the sequence-specific DNA cleavage reaction is dependent on DNA-EDTA probe 1, Fe(II), and dithiothreitol. Consistent with this observation, cleavage of DNA does not occur with DNA-EDTA/ Fe(II)/dithiothreitol in the presence of exogeneous iron chelators such as EDTA at millimolar concentration. Finally, when the reaction was repeated with the denatured 167-bp restriction fragment labeled with 32p on the 5' end of the DNA strand containing the sequence homologous to 1, no cleavage was observed (Fig. 3, lane 5) . DISCUSSION Synthesis of DNA-EDTA. For the synthesis of oligonucleotides containing EDTA, we desired a practical method that would be compatible with known oligonucleotide synthesis methodology. The method should allow the attachment of EDTA at various positions in the oligonucleotide sequence in an unambiguous manner. Aliphatic substitution at C-5 of pyrimidine nucleoside bases can be achieved by palladiummediated olefination reactions (22, 24, 25) . Of several olefinic substrates tested in the Pd(II)-mediated coupling reaction, methyl acrylate and 5-chloromercurideoxyuridine proved most satisfactory, producing 3 in good yield. The 5'-DMT-T*-triethylester (7), prepared in three steps from 3, is a suitable monomer for standard phosphoramidite (and phosphotriester) oligonucleotide synthesis procedures and gives excellent coupling efficiencies.
DNA 16 contiguous nucleotides of the template strand, centered at the position of T*. The cleavage pattern consists of two loci of equal intensity, with maxima occurring four nucleotides to the 5' side and three nucleotides to the 3' side of T* (Fig. 4) . One possible explanation is that the two cleavage loci arise from two conformations of the tethered EDTAFe(II) (Fig. 5) in the major groove of DNA, not quite equidistant from the T* modified base. Each cleavage locus extends over seven or eight nucleotides, suggesting that a diffusible species is responsible for cleavage. From previous studies with the oligo-N-methylpyrrolecarboxamide-EDTA-Fe(II) molecules, which bind in the minor groove of DNA, each cleavage locus extends over four or five base pairs (5) (6) (7) (8) . We presume the greater number of cleavage sites produced by DNA-EDTAFe(II) 1 reflects the greater range available to a diffusible reactive species generated in the major groove of DNA. An alternative explanation for the two cleavage loci is that the tether-EDTA Fe(II) at T* protects the modified base region from the diffusible reactive species.
Autocleavage. In principle, an oligonucleotide equipped with a chemically reactive moiety has the inherent problem of autocleavage, which could lower the sequence specificity of the DNA-EDTA probe by producing shorter DNA-EDTA fragments. To avoid this problem, the reactive functionality should be masked and activated after synthesis, isolation, and hybridization of the DNA probe to the target complementary sequence. For DNA-EDTA probes we avoid the problem of autocleavage during oligonucleotide synthesis by ViNl#Tfi ify,+ keeping the EDTA blocked as the triethyl ester. The EDTA metal-chelating moiety is revealed after the oligonucleotide synthesis is complete and at the last step, which is deprotection of the bases and release of DNA-EDTA from the polymer support. We have found that the DNA-EDTA probe 1, stored on the polymer in protected form, is fully active when released after 5 months. Controls show that after isolation of the DNA-EDTA probe by electrophoresis on a 20% polyacrylamidce gel the purified 19-mer is homogeneous and intact. The DNA-EDTA probe is inactive to either autocleavage or complementary strand DNA cleavage in the absence of Fe(II) and dithiothreitol. This allows prior hybridization of the DNA-EDTA probe [or even DNA-EDTA-Fe(II)] to the target single-stranded DNA. The DNA-EDTA-Fe(II) probe 1 in the presence of dithiothreitol (4 mM) and in the absence of target complementary DNA aitocleaves in less than 1 hr. Finally, although DNA-EDTA probes appear stable for weeks in solution, they degrade to smaller fragments over a period of months and are inactive toward complementary strand cleavage, presumably due to autocleavage by trace metal and dioxygen. The probes are best stored in the protected form on the solid support.
Conclusion. A general procedure has been developed for the synthesis of oligodeoxynucleotides equipped with EDTA at specific locations. The sequence-specific cleavage of single-stranded DNA by the DNA-EDTA-Fe(II) probes is initiated by the addition of dithiothreitol. Preliminary work suggests that these DNA-EDTA probes might be useful reagents capable of cleaving single-stranded nucleic acid uniquely at any desired site. Potential applications of this class of oligonucleotide-directed DNA-cleaving molecules include the mapping of large genomes, site-directed mutagenesis, sequence-specific cleavage of RNA, diagnostic probes, and novel chemotherapeutic agents.
